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ORIGINAL ARTICLE

Permanently reduced plasma ionized
magnesium among renal transplant
recipients on cyclosporine

Abstract Hypomagnesemia is com-
mon after kidney transplantation.
Until recently, only the determina-
tion of total plasma magnesium was
possible, whereas the assessment of
ionized magnesium has since be-
come practicable. One hundred and
nine renal transplant patients on cy-
closporine with allografts function-
ing stably for more than 6 months
and plasma creatinine levels of less
than 200 pmol/l entered the study.
Total and ionized circulating mag-
nesium were assessed among these
109 patients, as well as among 15 re-
nal transplant patients not on cy-
closporine and 21 healthy volun-
teers. Cyclosporine patients showed
significantly lower total and ionized
circulating magnesium values than
the two control groups. Plasma total
and ionized magnesium levels were
also significantly lower among cy-
closporine patients treated concur-
rently with insulin or oral hypogly-
cemic agents than among those who

were not. No correlation was noted
between time after transplantation
and plasma magnesium with respect
to patients on cyclosporine. In con-
clusion, the study demonstrates that
a large subset of renal transplant
patients treated with cyclosporine
have permanent deficiencies of ion-
ized and total magnesium. The ten-
dency towards hypomagnesemia is
also more pronounced among pati-
ents with diabetes mellitus.
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Introduction

Hypomagnesemia is often encountered early after kid-
ney transplantation among subjects treated with cy-
closporine [5, 11]. However, some observations suggest
that permanent magnesium depletion subsists after re-
nal transplantation [3]. Circulating magnesium exists in
a dissociated (ionized) and in an undissociated form
(17, 23]. Until recently, only the determination of total
magnesium was possible in clinical practice. Now, the
assessment of circulating dissociated magnesium — the

most attractive fraction with respect to physiological
and biological effects — has become practicable [6, 15,
19, 23]. Due to kidney disease, the proportion of ionized
to total circulating magnesium is sometimes altered [14,
20, 22]. It was therefore tempting to speculate on an al-
tered ratio of dissociated to undissociated circulating
magnesium after renal transplantation as well. Total
and dissociated circulating magnesium were therefore
assessed among renal transplant recipients, both on cy-
closporine and not, and healthy subjects.
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Patients and methods

Eligible for the study were renal transplant recipients on cyclospo-
rine — with allografts functioning stably for more than 6 months,
plasma creatinine levels of less than 200 umol/l, and normal blood
pressure — who were undergoing regular follow-up at the Division
of Nephrology, Department of Internal Medicine, or at the Divi-
sion of Pediatric Nephrology, Department of Pediatrics, University
of Berne, Switzerland. One hundred and nine patients (58 female
and 51 male, ranging in age from 7 to 74, a median of 48 years) en-
tered the study between January and March of 1998. Apart from
cyclosporine (Sandimmun Neoral) b.i.d., the medications used
for these patients are provided in Table 1.

In the case of this group, sitting blood pressure (the first and
fifth sound) and heart rate were measured and venous blood spec-
imens drawn anaerobically and without stasis in the morning, after
approximately 10-12 h of fasting, to determine packed cell vol-
ume, whole blood cyclosporine, plasma creatinine, urea, uric acid,
sodium, potassium, total magnesium, ionized calcium and magne-
sium, blood pH, and carbon dioxide pressure. The protocol, with
the exception of the determination of cyclosporine, was also ap-
plied to two control groups consisting of 15 patients (10 women
and 5 males, ranging in age from 41 to 74, a median of 62 years)
who had undergone renal transplantation before 1986 and had
never been on cyclosporine, and 21 healthy volunteers (11 men
and 10 women, ranging in age from 23 to 48, a median of 27 years),
respectively. The medications used for the 15 patients not treated
with cyclosporine are given in Table 1.

The study had been authorized by the Hospital’s Ethical Com-
mittee, and informed consent was obtained from the participants.

All measurements were performed in duplicate. Packed cell
volume was assessed by means of a microhematocrit centrifuge.
The whole blood cyclosporine trough level was measured using a
specific monoclonal fluorescent polarization immunoassay [24].
Creatinine (kinetic alkaline picrate method), albumin (bromcresol
purple method), urea (urease method), uric acid (uricase method)
and total magnesium (xylidil blue method) [12] were measured col-
orimetrically with the help of a Hitachi automatic clinical analyzer.
Direct ion-selective electrodes were used for the measurement of
PH, carbon dioxide pressure, sodium, potassium, and ionized calci-
um and magnesium. Plasma magnesium ion values were deter-
mined by means of a magnesium electrode, which contains a neu-
tral carrier-based membrane (ETH 7025) incorporated into a stan-
dard AVL electrode body by solvent casting (AVL 988-4/Mg Ana-
lyzer). This electrode has been characterized recently by our [6, 22]
and other laboratories [15, 19].

The ionized magnesium and calcium circulating fractions were
calculated by dividing the ionized amount by the corresponding to-
tal concentration [6]. Plasma bicarbonate concentration was deter-
mined using the Henderson-Hasselbalch equation. The two-tailed
Kruskal-Wallis test (a nonparametric analysis of variance for inde-
pendent samples) with the Bonferroni adjustment, as well as sim-
ple regressions with the nonparametric coefficient of determina-
tion 2, were used for analysis [7]. Significance was assumed at a P
value of less than 0.05. The results are given either as median and
interquartile ranges or as “box and whisker plots” (boxes are medi-
an and interquartile ranges, vertical lines are ranges) [25].

Results

Table 2 provides information on clinical and biochemi-
cal findings for the group of renal transplant patients
treated with cyclosporine and for the two control

Table 1 Medication other than cyclosporine b.1.d. administered to
109 renal transplant patients treated with and to the control group
of 15 renal transplant patients treated without cyclosporine

Patients Patients
treated with  treated without
cyclosporine  cyclosporine
Immunosuppressive agents? 99 15
Arzathioprine 53 15
Mofetil mycophenolate 6 -
Prednisone 90° 15¢
Cardiovascular drugs® 84 12
Calcium-channel blockers 57 6
[-adrenergic antagonists 67 8
Converting enzyme inhibitors 38 3
Diuretics® 444 4°
Antidiabetic agents 14 -
Insulin 12 -
Sulfonylureas 2 -
Lipid-lowering drugs 17 3
Sedatives 15 4
Magnesium salts 5 1

3 Two agents were used simultaneously for some patients (this fact
accounts for the apparent mathematical discrepancies)

" Dose ranging from 0.02 to 0.30 (median 0.10) mg/kg daily

¢ Dose ranging from 0.12 to 0.22 (median 0.15) mg/kg daily

4 Either benzothiadiazines and related agents (n = 30) or high-ceil-
ing diuretics (n = 14)

¢ Benzothiadiazines

groups. The group of cyclosporine-treated patients was
studied from 0.8 to 18 years (a median of 6.0 years) after
transplantation, the control group of transplant patients
not receiving cyclosporine, from 13 to 20 years (a medi-
an of 16 years) after transplantation (P < 0.05).

Body height and plasma albumin levels were signifi-
cantly lower and age, blood pressure, plasma creatinine,
urea, uric acid, and potassium higher among renal trans-
plant patients than among healthy control subjects.
Body weight, heart rate, plasma sodium, plasma ionized
calcium, and the acid base balance did not differ statisti-
cally between patients treated with cyclosporine and
healthy controls. Body weight was lower and blood
pressure, plasma creatinine, urea, and uric acid higher
among patients treated with than among those not re-
ceiving cyclosporine. Body height, heart rate, plasma so-
dium, potassium, ionized calcium, the acid base balance,
and plasma albumin were similar among patients tre-
taed with and without cyclosporine.

Total and ionized plasma magnesium levels were

significantly lower among patients treated with
cyclosporine  [0.74 mmol/l  (0.69-0.78 mmol/l) and
0.49 mmol/t (0.46-0.53 mmol/1), respectively] than

among patients not receiving cyclosporine [0.80 mmol/l
(0.77-0.86 mmol/1), and 0.53 mmol/1 (0.52-0.57 mmol/1)]
and healthy controls [0.81 mmol/l (0.78-0.87 mmol/l)
and 0.53 mmol/l (0.52-0.58 mmol/1)], as given in Fig.1.
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Table 2 Clinical and biochemical findings for renal transplant patients treated with cyclosporine and for the two control groups. Results

are given as median and interquartile ranges

Renal transplant patients
treated with cyclosporine

Control groups

Renal transplant patients Healthy subjects
treated without cyclosporine

n 109 15 21

Sex, female/male 581751 10/5 10/11

Age, years 48! (36-57) 61 (53-67) 27 (25-29)

Time since transplantation, years 6.0° (3.4-10) 16 (15-17) -

Body weight, kg 64 (56-79) 71 (63-80) 63 (60-70)

Height, m
Blood pressure, mm Hg

Heart rate, per min

Packed cell volume

Cyclosporine dosage, mg/kg daily
Whole blood cyclosporine concentration, pg/l
Plasma creatinine, umol/l

Plasma urea, mmol/l

Plasma uric acid, pmol/l

Plasma sodium, mmol/l

Plasma potassium, mmol/l

Plasma ionized calcium, mmol/1

Blood pH

Blood carbon dioxide pressure, mm Hg
Plasma bicarbonate, mmol/l

Plasma albumin, g/1

1.62% (1.57-1.68)
130> (125-140)/85? (79-90)

66 (60-72)

0.40° (0.36-0.42)
2.9 (2.1-4.1)

134 (112-149)
126% (109-141)
9.8%(7.3-12.5)
4174 (329-494)
141 (139-142)
4.16* (3.89-4.55)
1.28 (1.25-1.36)
7.35 (7.34-7.38)
5.96 (5.32-6.56)
245 (22.1-26.3)
382 (36-40)

1.60 (1.55-1.65)
140 (126-144)/88 (81-90)

66 (63-71)
0.44 (0.41-0.45)

98 (96-108)

75 (6.4-7.9)
351 (285-390)
141 (140-143)
3.95 (3.70-4.18)
1.28 (1.25-1.35)
7.36 (7.33-7.41)
6.04 (5.60-6.51)
24.9(21.5-29.0)
38 (36-39)

1.74 (1.71-1.80)
116 (105-126)/
74 (70-79)

62 (55-68)

0.43 (0.41-0.45)

97 (92-102)

52 (49-6.6)
270 (255-312)
140 (138-141)
3.89 (3.73-4.00)
1.27 (1.25-1.30)
7.36 (7.34-7.39)
6.19 (5.99-6.47)
25.4(23.5-27.2)
43 (41-45)

1P <0.01 and ® P < 0.05 versus healthy subjects; * P < 0.01 and * P < 0.05 versus renal transplant patients without cyclosporine and heal-
thy subjects; ® P < 0.05 versus renal transplant patients without cyclosporine

Table 3 Influence of treatment with diuretics, cardiovascular drugs, and insulin or oral hypoglycemic agents on circulating magnesium
among 109 renal transplant patients treated with cyclosporine

Patients treated with

Patients treated without

Plasma ionized

n Plasma total Plasma ionized n Plasma total
magnesium magnesium magnesium magnesium
mmol/l mmol/l mmol/l mmol/l
Antidiabetic agents 14 0.70* {0.65-0.73) 0.47* (0.43-0.50) 95 0.74 (0.70-0.80) 0.50 (0.47-0.55)
Diuretics 44 0.75 (0.65-0.82) 0.49 (0.44-0.53) 65 0.74 (0.70-0.78) 0.50 (0.47-0.55)
Cardiovascular drugs 84 0.74 (0.69-0.80) 0.50 (0.45-0.54) 25 0.75 (0.73-0.77) 0.49 (0.44-0.51)
Diuretic and antidiabetic agents® 53 0.74 (0.65-0.81) 0.49 (0.45-0.53) 56 0.74 (0.70-0.78) 0.50 (0.46-0.54)

2 Insulin or sulfonylureas
* P < (.02 versus patients treated without sulfonylureas or insulin

The plasma ionized magnesium fraction among patients
treated with [0.67 (0.65-0.70)] and without [0.66
(0.64-0.68)] cyclosporine was similar to that in the group
of healthy controls [0.67 (0.65-0.70)].

Plasma total and ionized magnesium values were
both significantly lower in the subgroup of cyclosporine
patients treated with antidiabetic agents than among
the remainder of patients receiving cyclosporine (Ta-
ble 3). However, plasma magnesium values in the sub-
groups of cyclosporine patients treated with diuretics
or cardiovascular drugs were similar to those among
the remainder of patients receiving cyclosporine. The
same also applies to the cumulated subgroup of cy-

closporine patients treated with both antidiabetic
agents and diuretics. The 56 cyclosporine-treated pa-
tients not receiving antidiabetic agents or diuretics
exhibited significantly lower (P <0.005) plasma to-
tal [0.74 mmol/l (0.70-0.78 mmol/1}] and ionized
[0.50 mmol/l (0.46-0.54 mmol/l)] magnesium levels
than the control group of healthy subjects [0.81 mmol/l
(0.78-0.89 mmol/l) and 0.54 mmol/l (0.53-0.59 mmol/l),
respectively].

With respect to patients treated with cyclosporine, no
significant correlation was noted between time since
transplantation, cyclosporine dosage, whole blood cy-
closporine trough level, or plasma creatinine, taken as
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independent values, and plasma total or ionized magne-
sium, taken as dependent values (Table 4).

Discussion

In renal transplantation, cyclosporine has been repeat-
edly reported to cause low total plasma magnesium
values during the early post-transplant period [3, 5,
11]. The present study demonstrates that a large sub-
set of renal transplant patients treated with cyclospo-
rine have profound and permanent deficiencies of
both ionized and total magnesium that cannot be ex-
plained on the basis of the simuitaneous use of diuret-
ics. Apart from that, the study indicates that the ten-

dency towards hypomagnesemia is more pronounced
among patients with diabetes mellitus, a well-recog-
nized condition that is linked with magnesium defi-
clency.

The median age within the group of healthy subjects
included in this study was lower than within the groups
of patients treated with and without cyclosporine. In
the case of healthy subjects, however, circulating mag-
nesium does not vary between the ages of 10 and
75 years [26]. Plasma creatinine was slightly higher
among cyclosporine patients than among those not re-
ceiving it and the control subjects, suggesting a link be-
tween the tendency towards hypomagnesemia and that
towards hypercreatininemia noted in cyclosporine pati-
ents. Since a moderate reduction of renal function

Table 4 Regression analysis

for 109 renal transplant pa- Dependent value

tients. None of the regressions
were found to be significant

Plasma ionized magnesium, mmol/l
Plasma total magnesium, mmol/l

Plasma ionized magnesium, mmol/l
Plasma total magnesium, mmol/l

Plasma tonized magnesium, mmol/l
Plasma total magnesium, mmol/l

Plasma ionized magnesium, mmol/l
Plasma total magnesium, mmol/l

Independent value reg
Time since transplantation, years 0.0041
Time since transplantation, years 0.0013
Cyclosporine dose, mg/kg daily 0.0155
Cyclosporine dose, mg/kg daily 0.0004
Whole blood cyclosporine level, pg/l 0.0001
Whole blood cyclosporine level, pg/l 0.0029
Plasma creatinine, pmol/l 0.027
Plasma creatinine, pmol/l 0.069
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slightly reduces magnesium excretion [8], this sugges-
tion does not apply to our patients.

The present study did not specifically address the
mechanism underlying hypomagnesemia following re-
nal transplantation. A large body of evidence indicates
that hypomagnesemia after cyclosporine treatment is
caused by enhanced urinary excretion [5, 18] and per-
haps even by intracellular uptake of the ion [18]. Apart
from cyclosporine, diabetes mellitus [10, 16] and the
use of benzothiadiazines or high-ceiling diuretics [9]
are expected to enhance hypomagnesemia after renal
transplantation. In this study, hypomagnesemia was
more pronounced among patients with diabetes melli-
tus. In contrast to this, plasma magnesium values were
similar among patients treated with and without diuret-
ics. Circulating magnesium is present in three different
states: dissociated (ionized); bound to albumin; and
complexed to phosphate, citrate, and other anions. Be-
cause albumin-bound and complexed magnesium are
unavailable for biochemical processes, only ionized
magnesium shows biological activity. The measurement
of total circulating magnesium is therefore an inaccu-

rate guide to the biologically active circulating fraction
[17, 23]. For the past 20 years, the Swiss Center for
Chemical Sensors has synthesized ionophores and
placed them in appropriate membranes that are now
sufficiently selective to determine dissociated magne-
sium [21]. In the present study, the key to a better under-
standing of the extracellular magnesium metabolism
among renal transplant patients who were given cy-
closporine was that both total and dissociated magne-
sium were reduced, as previously noted in two studies
performed with very few patients [4, 13].

The present observations have important impiica-
tions. Magnesium depletion has been implicated in vari-
ous pathological conditions, such as vasoconstriction,
arterial hypertension, cardiac arrhythmias, thrombosis
and atherosclerosis; all the above occurring to an in-
creased extent among renal transplant recipients [1, 2].
In view of these possible adverse reactions to hypo-
magnesemia, it behooves us to alert to the occurrence
of permanent hypomagnesemia among renal transplant
patients receiving cyclosporine so that affected subjects
can be given a prompt replacement.
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